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Abstract
We use molecular dynamics simulations to study the diffusion of water inside
deformed carbon nanotubes with different degrees of eccentricity at 300K.
We found a water structural transition between tubular-like to single-file for
(7,7) nanotubes associated with change from a high to low mobility regimes.
Water is frozen when confined in a perfect (9,9) nanotube and it becomes
liquid if such a nanotube is deformed above a certain threshold. Water dif-
fusion enhancement (suppression) is related to a reduction (increase) in the
number of hydrogen bonds. This suggests that the shape of the nanotube
is an important ingredient when considering the dynamical and structural
properties of confined water.
Keywords: Confined Water; Mobility; Carbon Nanotube; Diffusion.
1. Introduction
Fluids under nanoscale confinement exhibit properties not observed in
the bulk [1, 2]. In the case of water this shows an even larger impact. When
confined in carbon nanotubes (CNTs) water exhibits flow rates which exceeds
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by three orders of magnitude the values predicted by the continuum hydro-
dynamic theory [3–12]. The superflow is not the only anomalous behavior
observed in nanoconfined water. It also presents multi-phase flow, structural
transitions and highly heterogeneous hydrogen bonds distribution [13–15].
For instance, the water diffusion coefficient in pristine carbon nanotubes
does not decreases monotonically with the diameter of the tube [16]. Instead,
it has a minimum for the (9,9) CNT, a maximum for the (20,20) nanotube
and it approaches the bulk value for larger tubes. The nanoconfined water
forms layers and molecules near the wall diffuse faster than the particles in
the middle of the tube. This higher mobility is caused by dangling hydrogen
bonds at the water-wall interface.
Although pristine nanotubes pose as perfect models for studying the con-
fined water superflux [16], experimentally it is common to obtain nanotubes
with defects, vacancies and structural distortions [17, 18]. In addition func-
tional groups may be adsorbed onto tube’s surface, deposited at it’s entrance
or even incorporated under compression. All these factors lead to struc-
tural deformations [19, 20], which in turn can affect the anomalous proper-
ties of the confined water. For example, the water streaming velocity and
flow rate depend on the tube flexibility [21] and the effective shear stress
and viscosity depend on the nanotube roughness, which affects more smaller
tubes [22]. These observations were also supported by experiments revealing
radius-dependent on the surface slippage in carbon nanotubes [23], and by
simulations relating the shape of the nanotube with the dynamics of confined
water with high influence on its flow and structure [24].
Carbon nanotubes have been speculated to be present in virtually all
areas of life and physical sciences in a near future. From drug delivery to
water desalination, the existent literature is vast. More specifically, several
applications in nanofluidics have been explored. Examples include carbon
nanotubes as nanosyringes [25] and nanothermometers [26]. Studies focusing
fluid transport in carbon nanotubes are ubiquitous, with interest in possible
practical applications and also in water properties itself, when confined in
such a peculiar media [27–30].
In the real world carbon nanotubes are in the presence of substances, not
only in its surroundings but filled with them. The contact between carbon
nanotubes and substrates and/or surrounding adsorbates certainly change
their structure. In this sense, the purpose of our work is to understand
how deformations in carbon nanotubes change the diffusion of the confined
water. Considering the majority of literature regarding water diffusion in
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carbon nanotubes approach the problem using perfect nanotubes, we believe
our work may fill a small piece of this important puzzle.
Here we explore in a systematic way by computer simulations the effect of
the change in the eccentricity of the nanotube on the behavior of the diffusion
coefficient for different nanotube diameters. The idea behind this work is to
explore if there is a threshold distortion limit beyond which the diffusion is
non anomalous. This means that it would decrease with the diameter of the
nanotube as in normal, non water-like fluids.
The paper is organised as follows. We present details of simulations in
Sec. 2, in Sec. 3 we discuss the results and the Sec. 4 ends the paper with
our conclusions.
2. Computational Details and Methods
We performed molecular dynamics (MD) simulations for the TIP4P/2005
water model [31] using the LAMMPS package [32]. The SHAKE algorithm
[33] was used to keep water molecules structure. The choice of TIP4P/2005
over many other models available in literature was due to its accuracy in
calculating water transport properties at ambient conditions [34]. We rep-
resented the non-bonded interactions (carbon-oxygen) by the Lennard-Jones
(LJ) potential with parameters CO = 0.11831 kcal/mol and σCO = 3.28
A˚ [27]. Interaction between carbon and hydrogen was set to zero. LJ cutoff
distance was 12 A˚ and long-range Coulomb interactions were treated using
the particle−particle particle−mesh method. [35] The time step used was 1
fs. The nanotubes considered were armchair with index n = 7, 9, 12, 16, 20,
and 40.
During carbon nanotubes deformation process, carbon-carbon interaction
was modelled via AIREBO potential [36, 37]. After reaching the desired
degree of deformation, nanotubes were frozen, i.e., carbon atoms neither
interact nor move relative to each other.
Nanotubes filling process goes as follows. First, water reservoirs contain-
ing a total of 8.000 water molecules were connected to both nanotubes ends
as shown in Figure 1(a). Pressure and temperature of reservoirs were kept
at 1 atm and 300 K, respectively, by means of Nose´-Hoover barostat and
thermostat. After a few nanoseconds the equilibrium configuration in which
nanotubes are filled with water is reached as depicted in Figure 1(b). Next,
the reservoirs are removed and the simulation box size is adjusted to fit the
nanotubes length as shown in Figure 1(c). Boundary conditions were periodic
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in all directions during all stages. The number of water molecules enclosed
depend on nanotubes dimensions. This information can be found in Table 1.
(a)
(b)
(c)
Figure 1: The three main steps for filling nanotubes with water are as follows. (a) Unde-
formed carbon nanotubes are placed between water reservoirs at 300 K and 1 atm. (b)
After a few nanoseconds they become completely filled with water. (c) The reservoirs are
removed and the nanotubes are made periodic in the axial direction.
Table 1: Carbon nanotubes diameter d, length Lz, and and number of water molecules
inside.
CNT (n,n) d (nm) Lz (nm) Number of H2O
(7,7) 0.95 123.4 901
(9,9) 1.22 50.66 908
(12,12) 1.62 22.62 901
(16,16) 2.17 11.06 911
(20,20) 2.71 10.33 1440
(40,40) 5.42 7.87 5221
After perfect nanotubes are filled with water, they are compressed to
different degrees of deformation by loading them with plates made of frozen
atoms (see Figure 2). The interaction between CNTs and plates was given by
the repulsive part of LJ potential with energy parameter  = 0.184 kcal/mol
and distance parameter σ = 3.0 A˚. The cutoff used was 3.0 A˚. For compress-
ing the nanotubes plates are approached to each other at constant speed until
the nanotube reaches the desired deformation. Speeds were in the range from
0.2 to 0.6 A˚/ps.
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Figure 2: Carbon nanotube between parallel plates.
Nanotubes deformation are characterised by eccentricity after compres-
sion, which reads
e =
√
1− b
2
a2
, (1)
where b and a being the smaller and larger semi-axis, respectively. We
approached nanotubes with eccentricities ranging from 0.0 (perfect) to 0.8
(highly deformed) as shown in Figure 3.
Then, long simulations of water inside deformed carbon nanotubes were
carried out for nanotubes with different diameters. The production part was
conducted in the canonical ensemble, with temperature fixed at 300 K using
the Nose´-Hoover thermostat [38] with a time constant of 0.1 ps. After filling
and deforming nanotubes, the system was allowed to equilibrate for 5 ns
before data collection.
Figure 3: Snapshots of the (9,9) CNT at (a) e = 0.0, (b) e = 0.4, and (c) e = 0.8.
To study the mobility we employed the mean squared displacement (MSD)
given by: [39]
〈∆~r(t)2〉 = 〈|~r(t)− ~r(0)|2〉 (2)
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where
〈|~r(t)− ~r(0)|2〉 is referred as the MSD, 〈〉 denotes an average over all
molecules and ~r (t) is the displacement of a molecule during the time interval
t. Diffusion constant D is related to MSD and time through the relation
〈∆~r(t)2〉 ∝ Dtα, (3)
where α is a signature of which type of diffusive regime the system is following
namely α = 1 is the Fickian diffusion, α > 1 indicates the superdiffusive
regime and α < 1 refers to the sub-diffusive regime. In the bulk phase, water
molecules obey Fickian diffusion. When confined in CNTs the diffusion of
water molecules becomes more involving due to the nanoscale confinement.
[39]
For the hydrogen bonds statistics we used the geometrical criteria of
donor-hydrogen-acceptor (DHA) angle and donor-acceptor (DA) distance.
A hydrogen bond is computed if DHA angle ≤ 30◦ and DA distance < 0.35
nm [40, 41].
3. Results
In Figure 4 we show the diffusion coefficient of water as a function of the
diameter for the perfect nanotube ( e = 0) for the TIP4P/2005 water model
(both from this work and from Ko¨hler et al. [42]) and for the SPC/E water
from Ref. [16]. For the two models, the diffusion coefficient shows a global
minimum at 1 nm diameter which corresponds to a (9,9) CNT. In this case
the mobility of molecules is virtually zero. The water is frozen inside the
nanotube assuming a solid ring-like structure, as can be seen in Figure 6(c).
This ring is immobile and each molecule makes a large number of hydrogen
bonds as shown in Figure 7. The low dynamics seen in water confined in (9,9)
CNT is due to the commensurability with the hydrogen bonds distance and
(9,9) CNT diameter, which favours the formation of an organised network as
Figure 6 illustrates. The interplay between the diffusion coefficient showed
in Figure 6 and the hydrogen bonds network illustrated in Figure 7 is the
mechanism behind the anomalous behaviour of confined water [16, 42].
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Figure 4: Diffusion coefficient versus diameter of the carbon nanotube for the perfect e =0
tube .
For larger nanotube diameters the diffusion coefficient approaches the
bulk value (around 2.5×10−5 cm2/s) [43]. For intermediate nanotube diame-
ters (2-3 nm), there is a maximum in the diffusion coefficient. Larger surface
areas induce more dangling bonds, while large central volumes favours hydro-
gen bonds formation. The minimum and maximum observed in the diffusion
coefficient are related to this competition between the water-wall contact area
and the volume occupied by the fluid [16].
In Eq. (3) we found α = 1, which is a signature of Fickian diffusion. In
Fig. 5 we show MSD curves as a function of time for carbon nanotubes with
n = 7, 9, 12, 16 and 20, with eccentricities (a) e = 0.0, (b) e= 0.4 and (c) e
= 0.8.
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Figure 5: MSD curves as a function of time for the carbon nanotubes n= 7, 9, 12, 16 and
20 for (a) e = 0.0, (b) e = 0.4 and (c) e = 0.8.
Figure 6 shows snapshots of the last simulation steps and the radial den-
sity maps for the nanotubes with e = 0.0 (left) and e = 0.8 (right). This
Figure also shows the oxygen density maps constructed by dividing the nan-
otubes radial direction into small concentric bins and by averaging the num-
ber of oxygen atoms in each bin. Red regions represent high probability
of finding a water molecule while dark blue stands for low probability. For
the (7,7) nanotube, [Figure 6(a) and (b)] the increase in deformation makes
water molecules to undergo a structural transition: from a cylindrical organ-
isation to two single-file structures. Molecules in one single-file tend to bond
to particles in the other single-file.Then, the deformation in (7,7) nanotubes
leads to a high-mobility to low-mobility transition due to an increasing in
the number of hydrogen bonds.
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Figure 6: Left panels: snapshots of water molecules inside nanotubes along with radial
(x-y) density maps of oxygens inside (a) (7,7), (c) (9,9), (e) (12,12) and (g) (16,16) carbon
nanotubes with eccentricity e = 0.0. Right panels show the correspondent nanotubes with
e = 0.8.
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Figure 7: Average number of hydrogen bonds (HB) of each water molecule as a function
of (a) the nanotube diameter relative of the nanotube e = 0.0 and (b) the eccentricity.
For the (9,9) nanotube [Figure 6(c) and (d)] as the deformation is imposed
we observe a transition from an uniform frozen water layer to non uniform
liquid water layered structure. For e = 0.8 clusters of fluid water at the wall
replace the frozen e = 0.0 structure. The deformation in the case (9,9) leads
to low-mobility for a high-mobility transition.
For the larger tubes, (12,12) and (16,16), [Figures 6(e) to (h)] the systems
form liquid layers, which despite deformed are preserved under tension. For
(20,20) and (40,40) CNTs no representative transformation is observed as we
increase the eccentricity.
In order to test if the structural transitions observed for the (7,7) and (9,9)
nanotubes are related to changes in the mobility MSDs of confined water were
computed. Figure 8(a) shows the diffusion coefficient of water as a function
of the nanotube diameter d for different eccentricities (0 ≤ e ≤ 0.8). For the
highest deformations (e = 0.6 and e = 0.8) systems show no increase in D for
diameters below 1.5 nm as observed for the undeformed case. This suggests
that the deformation suppresses the anomalous high diffusion (and maybe
flux) observed in confined water.
Figure 8(b) illustrates the change in the water diffusion coefficient with
deformation e. For the (7,7) case the increase of e leads to a decrease in the
diffusion coefficient, which is related to the structural change observed in the
Figure 6. This result indicates that any amount of deformation destroys the
super diffusion observed in confined water. For the (9,9) case, the opposite
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happens. As the deformation goes beyond a certain threshold, the water
frozen at the wall melts. However in this case the transition requires a huge
deformation.
Figure 8: Axial diffusion coefficient of water as a function of (a) the diameter relative of
the nanotube e = 0.0 and (b) eccentricity.
For understanding the relation between dynamics and structure assumed
by the confined water, we calculated the average number of hydrogen bonds
of each molecule for the different systems studied. Figure. 7(a) shows that
this number is highly dependent on the nanotube size and tends to the bulk
value for the larger nanotubes. For the e < 0.8 a local maximum in the
number of bonds occur at the (9,9) nanotube coinciding with the minimum
of diffusion. For the e = 0.8 no maximum in the number of bonds is observed
what is agreement with the non zero diffusion and with our suggestion that
the (9,9) system does not melt for the high deformation.
Figure 7 (b) illustrates the average number of hydrogen bonds of each
water molecule as a function of the nanotube eccentricity. For the the (7,7)
nanotube the water shows monotonically increase of hydrogen bonds what
supports the idea that the decrease in the mobility with deformation is fol-
lowed by the formation of a more bonded system. For the (9,9) CNT, the
reduction of the number of hydrogen bonds at e = 0.8 what supports the
absence of melting in this case.
In order to confirm the correlation between the behaviour of the mobility
and the number of hydrogen bonds we compute the percentual change of
each of these quantities as follows. For each nanotube size the diffusion and
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number of hydrogen bonds is renormalised by its maximum value. Figure 9
illustrates the percentual of the diffusion and of the number of bonds D/Dmax
and <HB>/<HB>max as a function of the eccentricity. This figure confirms
that diffusion correlates with the number of hydrogen bonds. For the (7,7),
(12,12), (16,16), (20,20) and (40,40) the percentual diffusion decreases and
the percentual number of bonds decrease with the increase of the eccentricity
while for the (9,9) case the system is frozen for e ≤ 0.6. This implies that the
melting transition when the system changes from (9,9) to (7,7) is suppressed
by the high eccentricity.
Figure 9: Percentage fraction (a) D/Dmax and (b) <HB>/<HB>max per water molecule
as a function of the nanotube eccentricity.
4. Conclusion
We investigated the effect of deforming CNTs in the structure and diffu-
sion of the confined water.
We show that the deformation of the nanotube suppresses two phenomena
observed in the diffusion of confined water: the increase of the diffusion with
the decrease of the nanotube diameter and the freezing of confined water
above the melting transition.
The disappearance of the diffusion enhancement is observed because the
water at the (7,7) tube shows a smooth transition from a fluid to a frozen
state as the tube is deformed. The suppression of the frozen state for the
water at the (9,9) nanotube is observed by the increase of the water mobility
at the deformation e = 0.8. In this case there is a critical diameter (∼ 1-1.2
12
nm) for perfect nanotubes inside which the water freezes. By deforming the
tube, varying the eccentricity e from 0 to 0.8, we have shown that inside
this pores the hydrogen bonds break down and the crystalline structure is no
longer favourable, leading to anomalous water diffusion. As we increase the
nanotube diameter, the water diffusion presents a maximum in relation to the
tube eccentricity, but at this point the effect of deformation is less prominent.
This maximum is a consequence of the competition between nanotube area
and water volume: the increase of the internal area of the tubes favours the
break of hydrogen bonds in water (generating “dangling bonds”), while the
increase in water volume favours the formation of hydrogen bonds.
For almost all systems, the increase in nanotube deformation leads to
increase the number of hydrogen bonds, which slows down the water mobility.
The only exception is the CNT (9,9) in which the deformation decreases the
number of hydrogen bonds and increase the water diffusion. In this nanotube
the symmetrical shape leads to frozen water molecules at interface, while the
deformation leads to enhanced diffusion. All of these evidences point to the
importance of the nanotube structure on the properties of the confined water.
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